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ABSTRACT 
To achieve optimum properties, 3-1/2% Ni-Cr-Mo-V steel forgings 
are generally quenched to ambient temperature to achieve full conversion 
of austenite to either martensite or bainite.  However, in certain 
forgings the risk of quench cracking is high.  Hence, the manufacturer 
prefers to interrupt the quench at some safe temperature above ambient 
to allow full transformation while providing protection from cracking. 
The goal of this Thesis was to find an interrupted quench temper- 
ature which would allow for the safe heat treatment of large forgings 
while achieving optimum properties.  However, prior to selecting 
optimum quench interruption temperatures, both isothermal and contin- 
uous cooling transformation diagrams were developed.  The continuous 
cooling transformation diagram was developed by dilatometry.  The 
isothermal transformation diagram was developed utilizing salt or 
lead pots for the isothermal holds. 
Heat treatments simulating those of production forgings were per- 
formed on tensile and impact specimens. The samples were heat treated 
using various cooling rates but interrupted at various temperatures 
with respect to the B and B.. or M and Mc temperatures.  The tensile s     f    s     f 
and impact properties and the microstructure were then evaluated. 
Test results indicated that the transition temperature of material 
continuously cooled to room temperature and tempered decreased with 
decreasing transformation temperature.  This is clearly illustrated by 
the fracture appearance transition temperature at 50% fibrosity 
(FATT  ) which was +32F* when transformation occurred in the temper- 
ature range of 820F to 480F (resulting from cooling lOOF/hr); an 
FATT _ of -100F was produced by a transformation temperature range of 
780F to 480F (resulting from cooling 400F/hr); and an FATT  of -133F 
was produced by a transformation temperature range of 594F to 305F 
(resulting from cooling 1300F/hr).  However when the material is left 
untempered the lowest transition temperature is developed at an inter- 
mediate transformation temperature (one yielding a mixture of bainite 
and martensite).  This can also be illustrated by observing the FATT 
as it decreases from +150F to +75F produced by cooling rates of 
lOOF/hr and 400F/hr, respectively, and then increases to +134F pro- 
duced by a cooling rate of 1300F/hr.  In addition, this relationship of 
transition temperature to transformation temperature (under tempered 
conditions) was also valid for isothermal and split transformations 
which occurred during both continuous cooling and an isothermal hold. 
* English to metric conversions are presented in Appendix A. 
Lastly, and most importantly, it was found that transformation 
during continuous cooling at a rate which produces martensite will 
result in a lower transition temperature by cooling to either room 
temperature or to a temperature between the M and M and isothermally 
transforming.  The FATT  of -130F and -140F, respectively, produced 
by heat treating samples in this manner were the lowest obtained in 
this work.  This last phenomenon would allow for safer production 
heat treatment of large forgings of this chemical analysis while re- 
taining satisfactory transition temperatures. 
INTRODUCTION 
For low pressure turbine rotor forgings and other turbine rotor 
components, a 3-1/2% Ni-Cr-Mo-V analysis has received increased appli- 
cation in recent years.  The development of this analysis came about 
in the late 1960's [1] as a result of ever increasing demands for 
larger sizes and improved mechanical properties in turbine rotor 
materials by the utility industry. 
The 3-1/2% Ni-Cr-Mo-V analysis was selected for this study be- 
cause it exhibited satisfactory strength and toughness in forgings that 
were 50 in. to 58 in. body diameter.  This was possible by virtue of 
the transformation characteristics of the grade.  At the relatively 
slow cooling rate of 212F/hr achieved at the center of a 58 in. body 
diameter forging during immersion water quenching [2], the austenite 
transforms to bainite thus producing a microstructure which has satis- 
factory toughness when measured in terms of fracture appearance trans- 
ition temperature (FATT).  As the cooling rate increases toward the 
surface of the forging, a mixture of bainite and martensite is formed 
with a greater percentage of martensite forming at the surface, which 
allows for the development of correspondingly lower FATTs. 
To assure complete transformation of austenite to bainite and 
martensite during quenching of 3-1/2% Ni-Cr-Mo-V steel forgings, 
manufacturing metallurgists generally believe it to be desirable to 
quench the forging until the entire mass reaches the temperature of 
the quenching medium (i.e., room temperature or below).  However, 
in certain forgings, the body configuration increases the 
susceptibility to cracking during quenching.  Thus, it was thought 
necessary to interrupt the quench at some temperature above room 
temperature, and then equalize the forging in a furnace at that 
temperature to allow for isothermal transformation of the remaining 
austenite. 
Typically, after forging, rotors and rotor components receive a 
protective and refining heat treatment cycle consisting of an 1850F 
solution treatment followed by an air cool to 500F (surface temper- 
ature) , a furnace cool to and equalization at 425F, and, lastly, a 
reheat and temper at 1250F.  Preliminary machining then occurs after 
which the forging is "heat treated for properties".  This heat treat- 
ment involves a 1550F austenitize, a water quench until the surface 
temperature reaches 300F, equalization at 300F (isothermal hold), and 
a temper in the range of 1000 to HOOF depending upon the desired 
tensile strength [3]. 
Kawaguchi et al [4] recognized the risk involved in water im- 
mersion quenching large forgings to ambient temperature but also in- 
dicated that transformation must be complete prior to tempering. 
They stated that the "center of a forging must be cooled to and held 
at a temperature between the bainite finish and martensite start 
temperatures" and then reheated for tempering.  A dilatometrically 
derived continuous cooling transformation diagram of their steel (a 
3-1/2% Ni-Cr-Mo-V steel forging analysis similar in composition to 
the material studied here) was also presented by Kawaguchi and his 
co-workers.  It indicated that only a 7F (4C) difference existed 
between the Bf and M  temperatures.  According to these researchers, 
this small difference eliminated the possibility of accurately 
isothermally transforming this grade in the optimum manner as they 
described utilizing commercial equipment. 
An investigation by Bailey and Allen [5] into the optimization of 
the transition temperature of a 3-1/2% Ni-Cr-Mo-V forging analysis 
indicated that as the cooling rate during quenching from the austen- 
itizing temperature increased, the transition temperature (measured by 
the fracture appearance transition temperature) decreased.  This effect 
was attributed to a larger percentage of martensite in the more rapidly 
cooled material.  However, no mention was made of the possibility or 
benefits of an interrupted quench and isothermal transformation at a 
temperature between the B and M , as suggested by Kawaguchi et al, even 
though a continuous cooling transformation diagram developed by them 
for the 3-1/2% Ni-Cr-Mo-V analysis had approximately an 80F (45C) 
difference between the bainite finish temperature and the martensite 
start temperature.  An 80F temperature range is quite satisfactory 
for isothermal transformation using existing commercial equipment. 
Additionally, the inconsistent data raised questions concerning 
the accuracy of the Kawaguchi, and Bailey and Allen CCT diagrams. 
Although the martensite start temperatures were nearly the same, the 
bainite start temperatures differed by approximately 90F and the 
bainite finish temperatures differered by almost 65F.  It is obvious 
that the differences in these two diagrams must be resolved. 
The risk involved in quenching large forgings to ambient temper- 
ature was vividly illustrated by Bailey and Allen who described a 
"clink" or crack which occurred in the body of a 66 in. diameter 
turbine rotor during water immersion quenching.  As a result of the 
"clink" the authors suggested a rough machined configuration prior to 
quenching which would retard cooling.  Bailey and Allen chose a retarded 
cool to solve the cracking problem rather than cooling quickly and 
interrupting the cooling for isothermal transformation between the 
B and M , as suggested by Kawaguchi et al. 
Very little research has been performed to determine heat treat- 
ment variables which influence the transition temperature or toughness 
of forging analyses used by the utility industry.  An exhaustive 
study by Cina and Jubb [6] involving ten forging analyses common at the 
time of their work revealed that for the same tensile strength, the 
lower the austenite transformation temperature the lower the trans- 
ition temperature.  This was attributed to the microstruetures formed 
at these different transition temperatures.  Pearlite had the highest 
transition temperature, followed by bainite and then martensite with 
the lowest.  Mixtures of any two microstructures were found to have 
transition temperatures proportional to the transition temperatures of 
the percentages of two individual microconstituents present. 
Nakajima and Araki [7], in a much later study, substantiated the 
findings of Cina and Jubb.  The former, in agreeing with Cina and Jubb 
concluded: 
1.   "The transition temperature of bainite lowers with 
decreasing transformation temperature..." 
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2. The "transition temperature of martensite is generally 
lower than that of bainite..." 
3. The "transition temperature of a mixed structure of 
martensite and bainite formed below [the] M is lower than 
s 
that of bainite formed above [the] M ". 
s 
Also in agreement with Cina and Jubb, and Nakajima and Araki, 
was Edwards [8] who concluded in a paper "that the lower the temper- 
ature of austenite transformation, the tougher the steel, provided 
that other metallurgical variables such as grain size and tensile 
strength remain at a constant level".  However, Edwards disagreed 
with the others concerning the toughness of mixed structures.  Here 
Edwards discovered that "after tempering, specimens with a duplex 
martensite-lower bainite structure were somewhat tougher than either 
martensitic or lower bainitic material".  He went on to say that "this 
contradicts much metallurgical opinion of the past which tended to 
regard mixed structures as inferior..." 
Cina and Jubb, in addition to investigating the relationship 
between transition temperature and transformation temperature during 
athermal transformation, studied this phenomenon with respect to 
isothermal transformation.  They found that isothermal transformation 
behaved as athermal transformations* and produced a lower transition 
temperature with correspondingly lower transformation temperatures. 
* Athermal transformation, as defined here, refers to transforma- 
tion during continuous cooling. 
In essence, then, the suggestion made by Kawaguchi et al, to 
isothermally transform between the B and M appears justifiable.  For, 
if a forging were quenched to below its M and then held at or below 
the Bf, the isothermal transformation occurs at a temperature below 
the M and should produce a microstructure with a transition temper- 
s 
ature equivalent to that of martensite formed during continuous cooling. 
Naturally, this can only be accomplished if the CCT diagram of the 
analysis being considered is applicable to an interrupted cool- 
isothermal transformation heat treatment cycle. 
The conclusions and contradictions of the previously mentioned 
authors leave several questions concerning the optimum heat treatment 
of a 3-1/2% Ni-Cr-Mo-V forging analysis to be answered.  These questions 
include: 
1. The resolution of the differences between the CCT diagrams 
reported by Kawaguchi et al, and Bailey and Allen. 
2. Confirmation of the phenomenon of lowered transition temper- 
ature with lowered transformation temperature during both 
athermal and isothermal transformation. 
3. Investigation of the effect of interrupted cooling followed by 
isothermal transformation on the transition temperature. 
This dissertation attempts to answer these questions. 
PROCEDURE AND DATA 
A.  Processing History of Material, Verification of Chemical Analysis 
The material utilized for this dissertation was obtained from 
a 3-1/2% Ni-Cr-Mo-V analysis "rotor disk" forging which had been con- 
demned by the Bethlehem Steel Corporation. 
The steel used to produce the "rotor disk" forging was melted in a 
basic electric arc furnace and vacuum stream degassed into a 62 in. 
diameter corrugated, big end down, hot topped ingot mold as shown in 
Figure 1. 
The chemical analyses of the furnace ladle and of samples which 
were located 180° apart from each other in the rim of the finished 
forging are presented in the following Table 1: 
Tabl e 1 - Chemical Analysis (%) 
Element C Mn Si Ni Cr Mo V 
Ladle 
Sample A 
Sample B 
.30 
.31 
.30 
.30 
.32 
.31 
.02 
.04 
.03 
3.64 
3.62 
3.61 
1.63 
1.62 
1.70 
.49 
.48 
.47 
.08 
.07 
.07 
The analysis for all elements except carbon was performed on an 
Applied Research Laboratories (ARL) Model 7200 Computerized X-Ray 
Spectrometer.  The carbon content was determined using a LECO Model 
WR12 Carbon Analyzer which burns a sample in a stream of oxygen and 
then measures the gaseous product.  This piece of equipment is auto- 
mated and equipped with a digital read out. 
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The percentages of the elements listed in Table 1 are within the 
testing accuracy of the equipment and reveal a uniform distribu- 
tion of elements in the rim of the forging.  Although the chromium 
content of Sample B was slightly above the content of the other two 
analyses it is not considered significant. 
After allowing sufficient time for solidication, the ingot was 
removed from its mold and uniformly heated to approximately 2250F for 
forging.  Forging was performed with a 7500 ton steam hydraulic press. 
The forging sequence is described as a blocking, an upsetting, and 
then a finishing operation.  As shown in Figure 2, the ingot is first 
"blocked" to a round cylinder with the ingot axis perpendicular to the 
applied pressure.  Top and bottom discard is removed after this opera- 
tion and in the case of the ingot from which our material was obtained, 
the cylinder was sectioned in half transversely for the production of 
two "rotor disks".  Next, each portion of the cylinder is placed under 
the press with its longitudinal axis parallel to the applied pressure 
and "upset" into a pancake type shape between a flat plate and a die. 
Lastly, with the ingot axis still parallel to the applied pressure, 
the final forged shape is given to the "rotor disk" using contoured 
dies.  Little directionality of grain is produced through this type 
of forging sequence- 
The finish forged and rough machined rotor disk used for this 
experimentation is shown in Figure 3.  The rim and hub sections are 
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identified and the bore was made by burning after forging.  Note that 
the forging was approximately 70 in. O.D. x 11 in. I.D. x 28 in. 
thick at the hub and weighed almost 14,000 lb. 
Following forging, the subject "rotor disk" received a homo- 
genizing and refining heat treatment consisting of an 1850F soak, an 
air cool (normalize) to 500F, a furnace cool to and equalization at 
425F, and lastly a reheat (temper) at 1250F. 
The rotor disk was then rough machined and heat treated "for 
properties".  This consisted of the thermal cycle shown in the 
following Table 2: 
Table 2 - Quench an i  Temper Cycle 
Heated 50F/hr to 1550F 
Austenitized @ 1550F - held 29 hr (1 hr/in. hub thickness) 
Water Quenched 20 min. - ■ until surface temperature reached 
3 OOF 
Equalized @ 300F - held 14 hr (1/2 hr/: Ln. hub thickness) 
Tempered @ 1020F - held 28 hr. 
Furnace cooled to 600F 
Air cooled to room temperature • 
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B.  Preparation of Samples 
In order to take advantage of the effects which the inherent 
microsegregation of large forgings would have on the shape of the 
transformation diagrams which were constructed, samples were machined 
directly from the large forging.  The test samples received no hot work 
or homogenizing heat treatments other than what was standard for the 
product and which was described earlier. 
A 90° segment of the rim of the "rotor disk" was burned from the 
remaining rim and hub sections as shown in Figure 4.  Dilatometer 
specimens were then machined from the rim with their major axis parallel 
to the original ingot axis.  It was anticipated that this would minimize 
the effect of microsegregation when recording volumetric changes during 
dilatometer studies. 
All tensile bar blanks and Charpy V-notch impact blanks were 
oriented tangentially to the periphery of the forging with the notch of 
the impact specimens parallel to the ingot axis as shown in Figure 5. 
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C.  Construction of Continuous Cooling Transformation Diagram 
A continuous cooling transformation (CCT) diagram was constructed 
using dilatometry.  It was necessary to incorporate the use of two 
pieces of apparatus for this phase of the investigation because of 
the limitations of each piece of equipment.  One dilatometer could 
only produce controlled constant cooling rates up to 400F/hr, whereas 
the other could only be used for controlled cooling rates of 400F/hr. 
and faster. 
The former piece of equipment consisted of a hinged vertical 
electrical resistance furnace into which a 1 in. diameter x 4 in. 
long bar was inserted.  A 1/16 in. diameter hole which was two inches 
long was drilled in the center of the bar and accommodated the chromel- 
alumel thermocouple which projected from the bottom plate of the 
furnace (see Figure 6).  A quartz tube was then placed on top of the 
dilatometer specimen and secured to a transducer which produced a 
direct read out of length vs temperature in °F.  A heating rate of 
50F/hr to 1550F was used for tests requiring this equipment.  This 
heating rate and austenitizing temperature are standard for the material 
and product under investigation. 
The latter apparatus (for cooling rates of 400F/hr and faster) 
was similar but used a Research Incorporated Model E2-5-22-3 Dual 
Elliptical Radiant Heater which is a horizontal water cooled, 
infared heated tube furnace with argon shrouding.  A 1/8 in. 
diameter x 2 in. long pin was placed horizontally in the furnace (see 
Figure 7) in point contact with a quartz tube which was in turn 
connected to a transducer.  A chromel-alumel thermocouple was welded 
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to each specimen and temperature was monitored in milli-volts and 
converted to degrees F manually.  It was necessary to heat samples in 
this furnace at a rate of 2800F/hr to 1400F and then 50F/hr to 1550F 
prior to cooling. 
Typical dilatometer curves produced from each piece of equipment 
are shown in Figure 8 and Figure 9.  The data points derived through 
dilatometry are shown in Table 3 and the resultant CCT diagram is 
presented in Figure 10 (Note that the Ac. and Ac were averaged from 
five samples heated 50F/hr to 1550F).  The beginning and end of trans- 
formation were determined as the temperature at which the first 
deviation from a straight line occurred on either heating or cooling, 
or when the graph returned to a straight line after transforming. 
Table 3 - Continuous Cooling 
Transformation Diagram Data Points 
Heating (50F/hr) 
AC1 Ac3 
1260F 1A60F 
1280F 1470F 
1260F 1450F 
1275F 1470F 
1280F 1470F 
Avg. 127IF Avg. 1464F 
Table 3 continued on next page. 
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Tabl e 3 - Continuous Coo ling 
Transformation Diagram Data Points (Cont. ) 
Cooling 
Cooling Rate Trans. Start Trans. Finish 
Time Temp Time Temp 
(F/hr) (sec) (F) (sec) (F) 
4000 900 594 1,014 319 
1300 2,680 594 3,400 305 
1100 3,070 607 4,020 283 
900 3,750 607 4,900 305 
800 4,350 594 5,770 274 
700 4,750 628 6,450 310 
550 6,000 671 8,400 310 
400* 7,150 756 9,600 500 
400 7,100 780 9,800 480 
200 12,700 800 18,000 490 
100 24,500 820 37,000 480 
40 66,000 820 100,000 460 
10 240,000 840 370,000 450 
* Note that the transformation temperatures at a cooling rate 
of 400F/hr were nearly the same for both pieces of equipment. 
Based on the data points and the resultant CCT diagram, the 
martensite start temperature is between 594F and 607F (average 599F) 
and exists to as slow a cooling rate of approximately 800F/hr. 
The martensite finish temperature ranged from 274F to 310F (average 
300F) and occurred to a low cooling rate of 550F/hr.  Also, it is 
interesting to note that even with a slow cooling rate'of lOF/hr, 
no high temperature transformation was noted indicating the absence 
of any pearlite formation. 
Each dilatometer sample was sectioned transversely at its mid- 
length and hardness tested.  The smaller samples (1/8 in. diam) were 
tested using a Reichert Microhardness tester calibrated to the diamond 
pyramid hardness scale.  The 1 in. diam. specimens were tested on the 
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Rockwell C scale.  The hardness of the dilatometer specimens are shown 
in Table 4 and are plotted as a function of the cooling rate in 
Figure 11. 
Table 4 - Hardness of Dilatometer Specimens 
(D.P.H. - 100 gram load) 
Cooling Rate D.P. Hardness 
(kg/mm ) (F/hr.) 
4000 496 
1300 502 
1100 500 
900 488 
800 483 
700 477 
550 472 
400 457* 
200 395* 
100 408.7* 
*  Converted from Rockwell C 
It is evident from Table 4 and Figure 11 that the hardness begins 
to decrease at cooling rates below lOOOF/hr which is in agreement with 
the CCT diagram which was constructed. 
To determine grain size each dilatometer specimen was metal- 
lographically prepared and four representative samples were etched in 
saturated picric acid with sodium tridecylbenzene sulfonate as a 
wetting agent.  This etchant accentuated the prior austenite grain 
boundaries as shown in Figures 12 through 15.  The grain size of each 
was measured using the linear intercept method and the results are 
presented in Table 5, on the following page: 
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Table 5 - Prior Austenite Grain Size 
Of Dilatometer Specimens 
Cooling Rate ASTM Grain Size 
(F/hr.) 
4000 9.4 
1100 9.5 
800 9.5 
400 9.6 
Avg. 9.5 
The average ASTM grain size is 9.5 which is finer than the 
range of 6 to 8 which has been found typical in this material and 
product.  This apparently was the result of the one hour hold at 
1550F which the dilatometer specimens had vs the 28 hour hold 
at 1550F which is common for a product of this size. 
All specimens were etched in a solution of 4% picral and examined 
microscopically.  Knowing the composition and the history of the sample 
representative photomicrographs depicting martensite (1300F/hr), a 
mixture of martensite and bainite (700F/hr), and bainite (200F/hr) 
are shown in Figures 16 through 18, respectively. 
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D.  Construction of Isothermal Transformation Diagram 
The procedure used in this research for determining the iso- 
thermal transformation diagram was that conceived by Bain and 
Davenport [9].  One inch diameter x 1/8 in. thick specimens were 
austenitized at 1550F in an electrically heated Lindberg retort 
furnace with an argon atmosphere.  After austenitizing for 24 hr 
the samples were quenched into salt or lead.  Isothermal trans- 
formations at temperatures up to 950F were performed in a salt pot 
containing Holden 312 salt, at temperatures above 950F, a lead pot 
was used.  Following the desired holding time at the isothermal 
transformation temperature, the samples were quenched in water to 
ambient temperature to halt the isothermal reaction.  The equipment 
utilized is shown in Figure 19. 
Each specimen was then metallographically prepared, etched in 
4% picral and observed microscopically.  Point counting was used to 
determine the volume fractions of the constituents.  This procedure 
was performed on over 170 samples.  The volume fractions of isothermal 
constitutent of those samples which were used to construct the IT 
diagram are presented in Table 6, and the resultant diagram is shown 
in Figure 20. 
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Table 6 - Isothermal Transformation Diagram Data Points 
Temperature Transforma tion 
(F) 
Start Finish 
Time Time 
(sec) % Constituent (sec) % Constituent 
650 243 1 Bainite 1,200 98 Bainite 
700 134 1 Bainite 28,800 96 Bainite 
750 149 1 Bainite 432,000 25 Bainite 
800 370 1 Bainite 864,000 25 Bainite 
850 432,000 1 Bainite — — — 
1100 259,200 2 Pearlite — — — 
1125 90,000 1 Pearlite — — — 
1150 57,924 1 Pearlite — — — 
1175 72,000 1 Pearlite — — — 
1200 94,680 1 Pearlite — — — 
1225 21,600 1 Ferrite — — — 
1225 172,800 1 Pearlite — — — 
1250 28,800 1 Ferrite — — — 
1275 86,400 1 Ferrite — — — 
The bainite region is very narrow, occurring over a temperature 
range of only 200F.  At temperatures above 800F the reaction is very 
slow.  In the temperature range of HOOF to 1225F, pearlite forms, 
preceeded by minute amounts of ferrite.  This is expected because the 
calculated carbon equivalent of this analysis is approximately .805% 
which is the eutectoid composition of steel. 
Typical prior austenitic grain size for these samples is shown 
in Figures 21 and 22.  The grain size is duplex having an ASTM size of 
8 in the fine areas and 5.5 in the coarse areas.  The average grain size, 
however, is ASTM 7 which is typical of forgings of this analysis. 
The II specimens are coarser than the CCT specimens as a result of the 
24 hr hold at the austenitizing temperature which they received vs the 
one (1) hr hold received by the dilatometer specimens. 
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Typical bainitic, pearlitic, and ferritic structures produced 
during isothermal transformation are shown in Figures 23-26, re- 
spectively.  An electron micrograph of one of the ferrite patches shown 
in Figure 26, is shown in Figure 27, magnified 30,000X. 
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E.  Heat Treatment and Mechanical Property Testing 
Having accurately constructed CCT and IT diagrams for the 3-1/2% 
Ni-Cr-Mo-V forging analysis, cooling rates and interrupted quench 
temperatures for the heat treatment of mechanical property test spec- 
imens were selected to answer the questions concerning transition 
temperatures posed in the Introduction. 
To observe the effect of transformation temperature on transition 
temperature, sets of specimens consisting of two tensile bars and six 
impact specimens were austenitized and then cooled at rates of lOOF/hr, 
400F/hr, 550F/hr, and 1300F/hr* to room temperature. One set at each 
cooling rate was then tempered, and another was left untempered.   The 
heat treatment procedure used is presented in the following Table 7: 
Table 7 - Heat Treatment Procedure 
Used to Correlate Transformation 
Temperature and Transition Temperature 
Heat 50F/hr to 1550 - hold 24 hr 
Cool at 100, 400, 550, or 1300F/hr to room temperature 
Heat duplicate sets lOOF/hr to HOOF - hold 24 hr 
Cool lOOF/hr to room temperature 
* The available equipment could not accurately control cool at rates 
exceeding 800F/hr.  However, the natural cooling rate of the furnace 
was equivalent to a 1300F/hr controlled cool.  Although this did 
result in a brief thermal arrest at 600/650F, it was considered 
satisfactory for this work. 
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The heating rates and holding times used here essentially dup- 
licate those used in the production heat treatment of a 28 in. thick 
"rotor disk" forging although the selection of the tempering temperature 
was arbitrary. 
The cooling rates selected are projected on the CCT diagram in 
Figure 10.  It can be seen that the cooling rate of lOOF/hr has the 
highest transformation temperature and should form 100% bainite. 
Assuming the coarser grain size would shift the CCT diagram to the 
right, cooling at 400 and 550F/hr should form mixtures of bainite and 
martensite with an intermediate transformation temperature.  Cooling 
at 1300F/hr was expected to form 100% martensite with the lowest 
transformation temperature. 
The tensile and impact specimens described in Section B, "Prepa- 
ration of Samples", were heat treated in a Research Incorporated 
Quad Elliptical Radiant Heating Chamber (Model E4-I0WA) which is a water 
cooled infared heated tube furnace as shown in Figure 28.  This furnace 
was coupled with a Leeds and Northrup Trendtrak Analog Programer.  An 
argon atmosphere was used to prevent decarburization of the samples. 
Two tensile blanks and six impact blanks were heat treated as a set 
with a chromel-alumel thermocouple buried within and contacting the 
specimens for temperature monitoring and control. 
Tensile testing was performed on a Tinius Olsen tensile testing 
machine with a maximum load of 100,000 lb.  A strain rate of 
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.04 in./in./min. was used through the yield strength and .4 in./in./min. 
was used thereafter.  All tensile specimens were .505 in. diameter with 
a 2 in. guage length. 
Impact testing was performed on a Tinius Olsen impact testing 
machine with a maximum scale of 264 ft-lb.  Impact specimens were of 
the standard Charpy V-notch type (10 mm square with 2 mm notch depth). 
The results of all mechanical property testing are tabulated in 
the Appendix.  A summary of these data is shown in Table 8 and in 
Figures 29-31. 
Table  8 -   Mechanical   Properties 
Resulting From Various 
Cooling   Rates   Co  Room  Temperature 
Cooling  Kjte 
F/Hr 
'Jn tenured 1 Tempered 9  HOOF 
Y.S.C.2X) 
Kit 
T.S. 
K»l 
Elong. |   R.A. 
x      i   X 
ISTT*25  j FATT+50 1   LETT*,.  ! Y.S. (.21) 
F        |F        j   F          j    K«I 
T.S. 
til 
Elong. 
X 
R.A. 
X 
!STT»25 
F 
FAIT*50 
F 
LITT*15 
r 
100 
400 
550 
1300 
111.7 
131.4 
136.0 
148.0 
175.3 
200.4 
202.7 
215.6 
14.3    i 46.7 
12.5     1 40.6 
11.5    ! 38.7 
11.7    ! 39.9 
i 
! 
+144        1    +150 
+ 34      1+75 
+  50       |    +104 
+ 165        1    +134 
! 
i 
+ 184 
+ 69 
+ 150 
>+200 
114.1 
118.5 
118.4 
127.8 
134.2 
137.6 
137.6 
143.5 
19.3 
20.0 
20.0 
18.5 
62.3 
66.8 
66.8 
63.3 
-   16 
-166 
-170 
-235 
+ 32 
-100 
-133 
-133 
-  30 
-144 
-154 
-200 
*  ISTT  - Impact Strength Transition Temperature at 25 ft-lb, 25 
FATT 50 
LETT 15 
Fracture Appearance Transition Temperature at 50% 
Fibrosity. 
Lateral Expansion Transition Temperature at .015 in. 
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From the Table and Figures the following observations are noted: 
1. Yield and tensile strength increase with increasing cooling rate. 
This effect is more pronounced for the untempered material (refer 
to Figure 29). 
2. Elongation and reduction in area of the untempered material 
decreased beyond a cooling rate of lOOF/hr and then remained 
relatively constant (refer to Figure 30).  Interestingly, the 
ductility of the tempered material was at a maximum between 400 
and 500F/hr cooling rates and decreased at higher or lower 
cooling rates. 
3. Transition temperatures decreased with increasing cooling rates 
for the tempered material.  However, untempered material had 
superior toughness in the 400 to 550F/hr cooling rate range 
(see Figure 31). 
Photomicrographs from the threaded ends of the tensile bars of 
tempered and untempered material cooled at 100, 550, and 1300F/hr are 
shown in Figures 32 through 37.  The cooling rate of lOOF/hr produced 
an all bainitic microstructure.  Cooling at 400 and 550F/hr produced 
a mixture of bainite and martensite, with little differentiation 
between the microstructures produced from the two cooling rates (this 
was also apparent in the mechanical properties).  A 1300F/hr cooling 
rate, which was expected to produce a 100% martensitic structure did 
not.  Presumably, a small percentage of isothermal bainite formed 
during the thermal arrest at 600/650F as shown in Figures 36 and 37. 
The percentage of bainite was small, however, and would not signifi- 
cantly influence the mechanical properties. 
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Having developed mechanical properties resulting from four cooling 
rates producing all bainitic, mixtures of bainitic and martensitic, and 
all martensitic microstructures, interrupted quench temperatures were 
selected to determine the mechanical properties of isothermally 
transformed material. 
Because of the similarity in properties and microstructures 
produced from the 400 and 550F/hr cooling rates, only cooling rates of 
100, 400 and 1300F/hr were used for this portion of the thesis.  After 
austenitizing sets of two tensile bars and six impact specimens as 
described previously in Table 7, cooling was interrupted at 900F 
which is above the B  of the I-T diagram, at 700F which is the optimum 
temperature for isothermal transformations to bainite, at 425F which is 
just below the B, of the CCT diagram which was the lowest temperature 
recommended by Kawaguchi et al, and at 300F which was past standard 
practice for production heat treatment of this material (refer to 
Table 2).  After interruption of the quench at one of the four 
temperatures, isothermal transformation was allowed to proceed for 
14 hours (similar to a production equalization) and then the samples 
were tempered at HOOF. 
The exact heat treatment procedures used are presented in 
Table 9: 
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Table 9 - Interrupted Quench 
Heat Treatment Procedures 
Heat 50F/hr to 1550 - hold 24 hr 
Cool at 100, 400, or 1300F/hr 
Interrupt cool at 900, 700, 425, or 300F - hold 14 hr 
Heat lOOF/hr to HOOF - hold 24 hr 
Cool lOOF/hr to room temperature 
A summary of the mechanical properties resulting from the in- 
terrupted quench heat treatments are presented in Table 10 and 
in Figures 38-42.  (Data of specimens continuously cooled to room 
temperature and tempered at HOOF are included for a comparison.) 
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From the Table and Figures, the following observations are noted: 
1. The properties of all specimens quenched to 900F and held are 
similar to those of specimens continuously cooled at lOOF/hr to 
room temperature and not tempered (Table 8).  This indicates that 
no isothermal transformation occurs at 900F, and little* occurs 
at the HOOF tempering temperature.  Therefore, the resulting 
properties are the result of the transformation during the 
lOOF/hr cool the specimens underwent after the temper.  Con- 
sequently, properties almost identical to material cooled lOOF/hr 
from the austenitizing temperature were obtained.   As a result of 
this phenomenon, data points reflecting the 900F interruption 
temperature will not be considered when discussing the trends of 
Figures 38-42. 
2. Tensile strength increased with increasing interrupted quench 
temperature at the lOOF/hr and 400F/hr cooling rates.  When cooling 
at 1300F/hr, however, the tensile strength was at a maximum at an 
interrupted quench temperature of 300F, and was relatively constant 
at other interrupted quench temperatures (disregarding 900F) (see 
Figure 38). 
3. Yield strength tended to peak at 300F (for 400 and 1300F/hr cooling 
rates) or 425F (for lOOF/hr cooling rate) interrupted quench 
temperatures (see Figure 38). 
*  Some pearlite was found in specimens quenched to 900F and will 
be described later. 
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4. Elongation was affected little at the various interrupted quench 
temperatures below 900F, regardless of cooling rate (see Figure 
39). 
5. Reduction in area decreased with increasing interrupted quench 
temperature for 100 ad 400F/hr cooling rates.  At a 1300F/hr 
cooling rate, the reduction in area was a maximum at a 425F 
interrupted quench (see Figure 39). 
6. Material whose heat treatment produced 100% isothermal bainite 
(cool 1300F/hr to 700F) had lower transition temperatures than 
material consisting of either 100% athermal bainite (cool lOOF/hr 
to either 425F, 300F or 75F) or mixtures of isothermal and 
athermal bainite (cool lOOF/hr or 400F/hr to 700F).  However the 
transition temperature of 100% isothermal bainite was inferior to 
that of 100% martensite (cool 1300F/hr to 300F or 75F) or mixtures 
of athermal bainite and martensite (cool 400F/hr to 425F, 300F, or 
75F). 
7. Cooling at a rate which produces 100% bainite (lOOF/hr) yields 
similar transition temperatures regardless of the temperature 
below the B which the quench is interrupted. 
8. Cooling at a rate which produces a mixture of martensite and 
bainite (400F/hr) yields similar transition temperatures 
regardless of the temperature below the Bf which the quench is 
interrupted. 
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9.   Cooling at a rate which produces 100% martensite (1300F/hr) results 
in optimum transition temperatures when cooling to either room 
temperature or to a temperature above the Mf (425F) and then 
isothermally transformed. 
Following mechanical property testing, the microstructure of each 
set of specimens was examined.  It was surprising to find that the 
prior cooling rate, at any of the interrupted quench temperatures, 
did not significantly alter the microstructure after tempering.  In 
addition, the microstructures of samples quenched to 425F or below were 
essentially the same.  Obviously, tempering at HOOF masked any micro- 
structural differences which may have existed previous to tempering. 
All microstructures consisted of a form of tempered bainite or a 
mixture of tempered bainite/martensite. However, slight amounts of 
pearlite were found in specimens interrupted at 900F.  A typical series 
of microstructures resulting from the various interrupted quenches is 
shown in Figures 43 through 46. 
The volume of retained austenite present in each micro-sample was 
also measured using X-ray techniques as described by Ragnar Lindgren 
[10].  In his method, a sample is irradiated with monochromatic chromium 
X-rays and the X-ray intensities diffracted from austenite and 
martensite (or bainite) planes are measured.  The percentage of 
retained austenite is calculated from the integrated intensities for 
the austenite and martensite lines. 
31 
Of all the samples heat treated here, only traces of austenite 
(less than 2%) were found in the three samples (one from each cooling 
rate) whose quench was interrupted at 900F.  This indicates the even 
prolonged equalization above the B  does not stabilize the austenite in 
this material. 
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DISCUSSION 
At the close of the Introduction we were left with several ques- 
tions concerning the optimum heat treatment of a 3-1/2% Ni-Cr-Mo-V 
forging analysis.  One question, concerning the resolution of the 
differences between continuous cooling transformation diagrams reported 
by two sources, prompted the construction of another CCT diagram for the 
grade. The diagram developed here differs from both which were pre- 
viously reported but is much more analogous to the diagram reported by 
Bailey and Allen rather than Kawaguchi's. 
The CCT diagram constructed here indicated that 100% martensite 
would be formed upon continous cooling at a rate in excess of 800F/hr. 
For 28 in. thick rotor disk forgings, which during quenching have 
displayed cooling rates (between 1550F and 300F) of 564F/hr at the 
slowest cooling area and up to 6250F/hr near the surface [11], it would 
be expected that a mixture of bainite and martensite would exist in 
interior locations and that the remainder of the forging would be 
martensitic.  Also, it is interesting to note that even with a slow 
cooling rate of lOF/hr, no pearlite, but rather 100% bainite would be 
expected. 
In addition, it should be recalled that Kawaguchi recommended that 
forgings be quenched to between their M and B and isothermally trans- 
formed to prevent cracking and to optimize the properties.  Kawaguchi 
was unable to apply this procedure, however, because the difference 
he observed between the M and B on his CCT diagram was only 7F (4C). 
Although the CCT diagram constructed here showed the difference 
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between the M and B,. to be approximately 119F it was decided to 
s     r 
interrupt the quench at a temperature slightly below the Bf (425F), 
because it was anticipated that the lower isothermal transformation 
temperature would result in a lower transition temperature than if 
interrupted at the Bf (480F).  However, 425F was still well above 
the M  (300F) and would decrease the risk involved in quenching a pro- 
duction forging. 
An isothermal transformation diagram was also constructed.  This 
diagram showed that the optimum temperature for isothermal trans- 
formation to bainite was 700F and it was chosen for one of the in- 
terrupted quench temperatures. 
Above 850F, and below HOOF, no isothermal transformation was 
noted for up to one week.  Therefore 900F was also chosen as an in- 
terrupted quench temperature to study the effects of isothermal trans- 
formation in this region. 
Interrupted quench temperatures of 300F and 75F (room temperature) 
were also selected for study representing past and present standard 
practice, respectively. 
Utilizing the information obtained from the CCT and IT diagrams, 
the second question stated in the Introduction, concerning the phen- 
omenon of lowered transition temperature with lowered transformation 
temperature, was answered.  It was found that for tempered material 
the lower the transformation temperature during athermal transformation 
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the lower the transition temperature.  The effect was directly re- 
lated to the formation of martensite.  For untempered material a 
structure consisting of a mixture of martensite and bainite had lower 
transition temperatures than either 100% martensite or 100% bainite. 
This finding is contrary to what is reported by Edwards in the Intro- 
duction. Edwards found a superiority only in mixed structures which had 
been tempered.  He did not comment on untempered material. 
Lastly, by using cooling rates which would produce either 100% 
bainite (lOOF/hr), a mixture of martensite and bainite (400F/hr), or 
100% martensite (1300F/hr) and by using the various interrupted 
quench temperatures chosen above (900F, 700F, 425F, 300F, 75F), the 
final question pertaining to the effect of interrupted quenching 
followed by isothermal transformation on the transition ^temperature 
was answered.  The results of the interrupted quench heat treatments 
support the views of the majority of the referenced authors that the 
lower the transformation temperature the lower the transition temper- 
ature.  Provided bainitic or bainitic/martensitic structures are 
formed it seems to make no difference whether the material is transformed 
athermally or isothermally. 
A significant finding was made with respect to the cooling rate 
(1300F/hr) which produces 100% martensite.  When the quench is inter- 
rupted between the M and M  (at a temperature close to the Bf) and 
the material is isothermally transformed the resulting transition 
temperature is comparable to that achieved by quenching to room 
temperature and lower than the transition temperature resulting from 
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interrupting the quench at the M .  The reasons for the benefit in 
interrupting the quench above the M are unknown.  However, it is 
postulated that after interrupting the quench above the M , an 
isothermal transformation to martensite occurs.  Although a phenomenon 
such as this has been unreported for a 3-1/2% Ni-Cr-Mo-V forging 
analysis, it has been detected in an iron-30% nickel alloy [12], 
It is recommended that additional studies be initiated involving 
interrupted quenching of a 3-1/2% Ni-Cr-Mo-V forging analysis at a 
temperature above the Mf and below the M .  Quenching a forging to 
this temperature range would allow for isothermal transformation to 
martensite of sections of the forging cooled faster than 800F/hr. 
Those areas cooled slower than 800F/hr, however, should be allowed to 
cool below the B  (425F is sufficiently below the Bf for production heat 
treatment) before the quench is interrupted.  It should be remembered 
that at cooling rates which produced bainite or bainite/martensite 
mixtures, the transition temperature was affected little by inter- 
rupting the quench below the Bf, but the transition temperature de- 
teriorated at interrupted quench temperatures above the B . 
Quenching to the temperature range between the B  and Mf may 
provide a safe means of heat treating large forgings while optimizing 
the transition temperature. 
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CONCLUSIONS 
A continuous cooling transformation diagram was constructed for 
a 3-1/2% Ni-Cr-Mo-V forging steel in which the M temperature 
was 599F, and the M, temperature was 300F at cooling rates 
exceeding 800F/hr.  The B  temperature ranged from 780F to 840F 
(increasing with decreasing cooling rate) and the Bf temperature 
ranged from 480F to 450F (decreasing with decreasing cooling rate) 
No pearlite was noted upon continuous cooling at rates as slow as 
lOF/hr. 
2. An isothermal transformation diagram was constructed which showed 
pearlite forming in the HOOF to 1225F temperature range with a 
very small amount of ferrite forming between 1225F and 1275F. 
Bainite developed between 650F and 850F with the fastest reaction 
occurring at approximately 700F (1% formed after 134 sec).  There- 
fore 700F would be the optimum temperature to produce bainite 
isothermally. 
3. During athermal transformation, the lower the transformation 
temperature, the lower the transition temperature for tempered 
material.  For untempered material a cooling rate producing a 
mixture of martensite and bainite results in a transition 
temperature lower than that of either 100% martensite or 100% 
bainite. 
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4. Isothermal transformation does not occur during a conventional 
production holding time (up to one week) at 900F or at HOOF 
(tempering temperature). 
5. A microstructure consisting of 100% isothermal bainite has a 
lower transition temperature than either athermal bainite or 
mixtures of isothermal and athermal bainite.  However its trans- 
ition temperature is inferior to microstructures of 100% martensite 
or mixtures of athermal bainite and martensite.  This supports 
previous findings that the lower the transformation temperature, 
the lower the transition temperature regardless if an isothermal or 
an athermal transformation. 
6. Athermal transformation at a rate which produces 100% bainite 
yields similar mechanical properties regardless of the interrupted 
quench temperature below the Bf. 
7. Athermal transformation at a rate which produces a mixture of 
martensite and bainite yields similar mechanical properties 
regardless of the interrupted quench temperature below the B . 
8. Athermal transformation at a rate which produces martensite will 
result in the lowest transition temperature at cooling to either 
room temperature or to a temperature between the M and M, and 
isothermally transforming. This would allow for safer production 
heat treatment of large forgings of this chemical analysis. 
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Figure 6 - Photograph of dilatometer equipment used for cooling rates 
of 400F/hr and slower.  The furnace is open and the quartz 
tube which contacts the transducer is at A.  The specimen 
rests on base B with thermocouple C inserted in its center 
hole while thermocouple D contacts the outer surface of the 
specimen. 
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Pin Cooled at 4000F/hr. 
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Figure 13 - Prior Austenitic Grain Size (ASTM 9.5) of Dilatomer 
Pin Cooled at llOOF/hr. 
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Figure 14 - Prior Austenitic Grain Size (ASTM 9.5) of Dilatomer 
Pin Cooled at 800F/hr. 
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Figure 15 - Prior Austenitic Grain Size (ASTM 9.6) of Dilatomer 
Pin Cooled at 400F/hr. 
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4% Picral 500X 
Figure 16 - Martensitic Microstructure Produced at a Cooling Rate 
of 1300F/hr. 
4% Picral 500X 
Figure 17 - Mixed Martensitic-Bainitic Microstructure Produced at 
a Cooling Rate of 700F/hr. 
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4% Picral 500X 
Figure 18 - Bainitic Microstructure Produced at a Cooling Rate 
of 200F/hr. 
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Figure 19 - Equipment used for development of Isothermal Transforma- 
tion diagram.  Austenitizing furnace is marked "A", 
the salt pot "B", and the quench bucket "C". 
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Figure 21 - Prior Austenitic Grain Size (Coarse ASTM 5.6, Fine ASTM 
7.8, Avg. ASTM 6.8) of IT Sample Isothermally Transformed 
at 850F for 17 min. 
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Figure 22 - Prior Austenitic Grain Size (Coarse ASTM 5.9* Fine ASTM 8, 
Avg. ASTM 7.1) of IT Sample Isothermally Transformed at 
1000F for 8 hr. 
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4% Picral 500X 
Figure 23 - Initiation of Isothermal Bainite (3%) in Sample 
Transformed at 650F for 5 min. 
4% Picral 500X 
Figure 24 - Isothermal Bainite in Sample Held at 650F for 20 min. 
Transformation is (98%) complete. 
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Figure 25 - Initiation of Isothermal Pearlite (2%) in Sample 
Transformed at 1150F for 18 hr. 
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Figure 26 - Isothermally Transformed Ferrite in Sample Held at 125QF 
for 48 hr.  Ferrite patches were too Fine to Count. 
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30,000X 
Figure 27 - Electron micrograph of a ferrite grain similar to 
those shown in Figure 26.  Note the prior austenitic 
grain boundary through the center of the ferrite grain. 
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COOLING RATE (F/hr) vs TENSILE AND YIELD STRENGTH (ksi) 
FOR SAMPLES QUENCHED TO ROOM TEMPERATURE 
O Y.S. (Tempered) 
• Y.S. (Untempered) 
D T.S. (Tempered) 
B T.S. (Untempered) 
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FIGURE 29. 
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Figure 32 - Bainitic Microstructure Produced by Cooling lOOF/hr 
from 1550F and Tempering at HOOF. 
4% Picral with HCL 500X 
Figure 33 - Bainitic Microstructure Produced by Cooling lOOF/hr 
(untempered). 
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4% Picral 500X 
Figure 34 - Bainitic and Martensitic Microstructure Produced by 
Cooling 550F/hr and Tempering at HOOF. 
4% Picral 500X 
Figure 35 - Bainitic (dark) and Martensitic (light) Microstructure 
Produced by Cooling 550F/hr (untempered). 
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4% Picral 500X 
Figure 36 - Microstructure Consisting of Tempered Martensite with 
Some Bainite.  This Sample was Cooled 1300F/hr to Room 
Temperature and Tempered at HOOF. 
4% Picral 500X 
Figure 37 - Area of Isothermal Bainite (dark) Which Formed During 
the Thermal Arrest When Cooling at 1300F/hr (untempered) 
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4% Picral 500X 
Figure 43 - Microstructure consisting of tempered bainite.  This 
sample was cooled 1300F/hr to 900F, equalized, and tempered 
at HOOF.  Note the similarity to the specimen cooled 
lOOF/hr to room temperature and tempered (Fig. 32). 
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4% Picral 500X 
Figure 44 - Microstructure consisting of tempered isothermal bainite. 
Sample was cooled 1300F/hr to 700F, equalized, and tempered 
at HOOF. 
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4% Picral 500X 
4% Picral 
Figures 45 (top) and 46 - Tempered martensitic microstructure resulting 
from cooling 1300F/hr to 425F (top) and 300F (bottom), 
equalizing, and tempering at HOOF.  No difference can be 
seen in these structures and in samples cooled to room 
temperature (Fig. 36). 
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APPENDIX A 
English to Metric Conversions 
76 
ENGLISH TO METRIC CONVERSIONS* 
Temperature 
C = (F -32)/1.8 
Length 
in x 25.40 = mm 
Stress 
lb/in2 (psi) x 6,894 = pascal (Pa) 
Impact Strength 
ft-lb x 1.355 = joule (J) 
*These conversions appear in ASTM E 380-76 
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APPENDIX B 
Tensile and Impact Data 
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